ABSTRACT β-Glucan is an important chemical found in cereals, tremendously beneficial to human health. In this study, β-glucan contents in wild and cultivated barley from representative regions worldwide were investigated. Results exhibited that coefficient of variation of β-glucan content of wild and cultivated barley was 24.18% and 13.99%, respectively. The β-glucan contents of studied wild barley accessions were ranged from 3.26% to 7.67% while cultivated barley varieties were ranged from 2.68% to 4.74%. A significant difference of β-glucan content (p ≤ 0.001) was found between wild and cultivated barely. Wild barley showed a higher β-glucan content and variation than cultivated barley. This study gives an idea about elite germplasms for genetic improvement and shed light to trace barley domestication in relation to grain metabolite view.
Introduction
Barley (Hordeum vulgare L.) is the fourth largest cereal crop produced worldwide, and it is utilized in food, feed, and malt production. [1] Also, being the most extensively adapted cereal grain species, which can be cultivated from fertile to desert lands, and it is the staple food source for some nations in Himalayan, Morocco, and Ethiopia. [2] Wild barley (Hordeum spontaneum) is the progenitor of cultivated barley, which offers considerable potential as a genetic resource for barley improvement. Naturally occurring wild barley populations are distributed primarily across the Fertile Crescent, Central Asia, and Tibet. [3] [4] [5] [6] When utilizing barley for human food, appearance and flavour are the limiting factors. However, recent researches proved that the interest in barley is surging in the last decades, mainly due to its high content of soluble dietary fiber, especially (1,3;1,4)-β-D-glucan (hereafter referred as β-glucan). [7, 8] β-Glucan is a linear molecule of partially water-soluble polysaccharides, consisting of glucose [9] linked by both β-(1→3) and β-(1→4)-linkages, [10] and it is a major component of endosperm cell walls and sub-aleurone layer of Gramineae. [11, 12] Compared with other cereals, barley and oats contain relatively higher β-glucan contents. [9] However, higher β-glucan content in barley can be either advantageous or disadvantageous, depending on the industry which barley used. Low β-glucan content is required for malting and brewing industries, while high level is desirable for applications in human health and nutrition. [13] A positive relationship between cereal consumption with the recommended β-glucan content and reduction of the risk of chronic health problems had been proved in a number of health studies. β-Glucan reduces hypertension and diabetes due to regulation of blood cholesterol and glucose levels. [14] It reduces the chance of coronary heart disease and ischemic heart disease. [15] Also, β-glucan has immune modulating properties. [16] The main feature of β-glucan which renders it benefits is that it can increase intraluminal viscosity by forming highly viscous solutions. [17] Other positive roles of β-glucan include increasing mineral and vitamin bioavailability, and play an important role in gut physiology and reducing the risk of colon cancer. [18] [19] [20] β-Glucan plays an important role as a fat substitute in processed foods, particularly in the production of cheese and ice-cream. As a gel-forming (non-caloric thickening and stabilizing) component, β-glucans can be used for the elaboration of products with high dietary fiber. [21] Food and supplement industries pay increasing attention on this bioactive grain component, and the trend is to incorporate β-glucan as an ingredient in commercial-level product formulations. [22] Although a high β-glucan content is important in the food industry, it may create problems such as reduced rate of wort filtration and haze formation in beer, when used for brewing, and adversely affect the recovery of malt extract. [23, 24] The high viscosity of aqueous solutions of barley β-glucan has also been implicated with problems encountered in the stock feed industry. Therefore, it is considered as an anti-nutritional factor, mainly in poultry feed, which may give sticky droppings and affect nutritional intake, growth rate, and feed conversion efficiency. [25, 26] There are several methods to determine β-glucan content in barley. The three main methods are enzymatic method, calcofluor method, and colorimetric method. The most widely used method in research laboratories is the enzymatic method, [27] which is also called as Approved Method 32-23 by AACC International 2000. [28] Enzymatic method is the mixed-linkage method, where linear β-glucan polymers are extracted from grain flour, hydrolyzed into monosaccharides by sequential enzymatic reactions using endo-(1→3,1→4)-β-D-glucan 4-glucanohydrolase (lichenase), followed by β-glucosidase, and finally coupled to generate color with glucose oxidase and a chromogenic substrate. [28] The impact of genetic and environmental variations, for the β-glucan content in barley, has been studied, and the genetic factors have been found to be the most important determinant of β-glucan content in barley. [29] [30] [31] The variation is not only caused by genetics and environment but can be a result of the evaluation methodology. The earlier analytical approaches used to measure β-glucan gave excessive values, while the enzymatic method, [24] which use a specific assay kit, has proved to be a simple procedure and gives good repeatability. [31] It is clear that the knowledge of β-glucan levels in barley is a valuable attribute for consumers, and it will create an opportunity for scientists and breeders to develop new cultivars, such as nutraceutical-enriched barley. The objectives of this study were to determine and compare the β-glucan contents of wild and cultivated barley, from different locations of the world, for the purpose of evaluation of its difference and variation. It is expected that these findings will help to identify the suitable barley genotypes and their locations to be used in breeding programs, to obtain barley with required β-glucan contents, required for the specific purpose, such as human food, livestock feed, malt, and brewing industries.
Materials and methods

Plant materials
Sixty barley seed samples including 32 wild barley accessions from Fertile Crescent (Mediterranean), Central Asian, and Tibet regions, and 28 cultivated barley varieties from different locations of the world were used for the study. All the seed samples were stored in seed stores of State Key Laboratory, Northwest Agriculture and Forest University, China, until processing for β-glucan content.
Sample preparation
Barley grains were ground in a centrifugal mill and passed through a 0.5 mm sieve to obtain a consistent fine powder, after drying in an oven for 24 h. The mill was cleaned between samples.
Chemical analysis
The β-glucan content was determined enzymatically by using the commercially available kit (Megazyme International Ireland Ltd., Bray, Ireland), according to the Megazyme β-glucan assay. [24, 27] This method has been accepted by the AOAC international (Method 995.16) and the AACC international (Method 32-23). [32, 33] Then, the β-glucan contents were calculated precisely according to the guidelines of the Megazyme commercial kit. For each sample, two biological replicates were performed, and means were used for downstream analysis.
In brief, complying with the streamlined procedure of Megazyme, 80-120 mg of milled flour was mixed with 200 µl of 50% (v/v) ethanol and 4 ml sodium phosphate buffer (20 mM, pH 6.5). This mixture was incubated with lichenase enzyme (200 µl, 50 U/ml). Then the enzymatic reaction was stopped with 5 ml sodium acetate buffer (200 mM, pH 4.0). After centrifugation, 100 µl aliquot was reacted to completion with 100 µl β-glucosidase enzyme and the amount of glucose was detected with 3 ml glucose oxidase/peroxidase developing reagent by measuring absorbance at 510 nm. The values of the β-glucan levels were obtained for each sample as the mean ± standard deviation (SD). Then, the β-glucan content was calculated as a percentage.
Statistical analysis
above experimental data were used to perform the statistical analysis and determine the difference and variation of β-glucan content in wild and cultivated barley genotypes. Under the statistical analysis Shapiro-Wilk test, coefficient of variation (CV), analysis of variance (ANOVA), and construction of dendrogram were performed using SPSS 23.0 software, IBM, USA.
Results
β-Glucan content of selected accessions
In this study, wild barley samples were selected from Fertile Crescent, Central Asia, and Tibet, and cultivated barley samples from representative regions worldwide to determine β-glucan contents of wild and cultivated barley and their variations. Table 1 illustrates selected wild and cultivated barley accessions, their location, average β-glucan content, and SD.
Descriptive statistics and frequency distribution
The assumption of normality was tested for both populations for β-glucan using Shapiro-Wilk test for normality, and skewness and kurtosis statistics suggested that the β-glucan content is reasonably normally distributed in wild barley, but not in cultivated barley population, with skewness of 0.468 (standard error [SE] = 0.414) and kurtosis of −0.648 (SE = 0.809) in wild barley and skewness of 1.350 (SE = 0.441) and kurtosis of 3.854 (SE = 0.858) in cultivated barley. This is due to one exceptional variety in cultivated barley population called Sumire Mochi form Japan (box plot was used to identify this variety). After removing it from the cultivated population, using Shapiro-Wilk test for normality, and skewness and kurtosis statistics suggested that the β-glucan content is normally distributed in both populations, where with same skewness and kurtosis in wild barley and skewness of −0.009 (SE = 0.448) and kurtosis of −0.550 (SE = 0.872) in cultivated barley. Therefore, further statistical analysis was done by removing that accession, except in the dendrogram. The used acceptable range for skewness and kurtosis is from +1.96 to -1.96 and the significant value for the Shapiro-Wilk test is 0.05. The mean β-glucan contents of wild and cultivated accessions were 5.17% (SD = 1.25, SE = 0.22) and 3.72% (SD = 0.52, SE = 0.10), respectively ( Table 2) .
The β-glucan contents of 32 wild barley accessions were ranged from 3.26% for JOR_KMH_2 to 7.67% for TUR_IG39839 and approximately 60% of accessions belong to the range of 4.0-6.0%. β-Glucan content of 28 cultivated barley varieties from different locations of the world were ranged from 2.68% for BMC, a commercial cultivar from Israel, to 4.74% for Mitsukiko, a commercial cultivar from Japan, and approximately 90% of cultivars belong to the range of 3.0-5.0% (Table 1) . The Japanese variety Sumire Mochi, which was considered as the exceptional accession of cultivated barley population, showed the highest value of 6.15% for the cultivated group. The wild and cultivated barley accessions differed widely in the CV %, where CV % of wild and cultivated barley are 24.18% and 13.99%, respectively, and wild barley showed higher CV % compared to cultivated barley (Table 2) . Also, the box plot ( Figure 1 ) graphically illustrates the variation of β-glucan content between wild and cultivated barley accessions. A great variation of β-glucan contents in wild and cultivated barley was detected. According to the frequency distribution of β-glucan content in wild and cultivated barley accessions, majority of wild barley accessions were between the range of 4-5%, which represents 34.4% of the population, while majority of cultivated barley accessions were between the range of 3-4%, which represents 57.1% of the population. In cultivated barley, several accessions were categorized into <3% of β-glucan category, while in wild barley, no accession was found in that category. In contrast, several accessions of wild barley were categorized into >7% of β-glucan category, while in cultivated barley, no accession belongs to that category.
ANOVA of barley populations
ANOVA of β-glucan content of wild and cultivated barley, within the population, exhibited that the effects of varieties or accessions were highly significant (p ≤ 0.001). According to the mean β-glucan content of wild and cultivated barley, several clusters were identified (Figure 2) . Each cluster was considered as a group, and the accessions within the cluster were considered as a replicate of that group to perform ANOVA within the wild and cultivated populations. ANOVA of β-glucan content between wild and cultivated barley populations confirmed a higher significant difference (p ≤ 0.001), between two populations. Results of the F-test also indicated that there was a significant difference of β-glucan content between wild and cultivated barley, F > F critical, p < 0.001.
Cluster analysis
According to the dendrogram obtained from statistical analysis (Figure 2) , wild barley population was divided into five clusters and cultivated barley population was divided into four clusters, depending on the β-glucan contents. Based on the clusters of β-glucan, all wild and cultivated barley were divided into three main categories, as low, medium, and high. The low category comprises β- glucan content less than 3% and 3-4%, medium 4-5% and 5-6 %, and high 6-7% and above 7%. In wild barley accessions, 15.5% were grouped into low, 62.5% into medium, and 22.0% into high β-glucan categories, whereas in cultivated barley, 64.0% were grouped into low, 32.0% into medium, and 4.0% into high β-glucan categories. It demonstrated the variation in β-glucan content in wild and cultivated barley.
Wild barley accessions AFG_IG38660, TJK_IG131790, TUR_IG116112, and TUR_IG39839 were categorized into a single cluster, which showed the highest β-glucan content (above 7%). However, in cultivated barley, only one accession, named Sumire Mochi from Japan contained the highest β-glucan content (6-7%) and it was clustered separately. This Sumire Mochi variety is used as human food, and no accession was found to be above 7% cluster. In wild barley, the lowest β-glucan contained cluster was 3-4% cluster, which consisted of JOR_KFH_1, JOR_KFH_2, JOR_KMH_2, ISR_TBS_1, and ISR_TBS_2 accessions. Accordingly, in cultivated barley, the lowest cluster was <3% cluster -Golden Promise® from the United Kingdom and BMC from Israel -which are used for the malting purpose, whereas no <3% cluster was found in wild barley population.
Discussion
The improvement of grain quality of barley depends on the collection of desirable genetic variation. Wild barley is the undisputed progenitor of cultivated barley and offers considerable potential as a genetic resource for barley improvement. Naturally occurring populations are distributed primarily across the Fertile Crescent, Central Asia, and Tibet. Therefore, the potential use of the wild barley germplasm is to be exploited largely, especially from the places where barley originated. These regions are recognized as the original centers of cultivated barley, where higher genetic diversity was reported and wild progenitors are still colonizing in these regions. [4] [5] [6] The countries with significant territory within the Fertile Crescent include Iraq, Syria, Lebanon, Jordan, Israel, Palestine, Egypt, Turkey, and Iran, and Central Asia include Kazakhstan, Kyrgyzstan, Tajikistan, Turkmenistan, Uzbekistan, and Afghanistan. Therefore, wild barley samples for this study were selected from these regions to determine β-glucan content and to evaluate the variation of β-glucan content between wild and cultivated barley.
Genotypic and environmental variations in β-glucan content of cultivated barley have been studied extensively for several decades, while studies on wild barley are comparatively very low. This study presents a direct analysis and comparison of β-glucan content in wild and cultivated barley. The β-glucan content was determined by the mixed-linkage β-glucan assay procedure, by using the commercially available kit, which is the most widely used technique in research laboratories. In the majority of the research conducted for the β-glucan analysis, the researchers plant original seeds in their own fields and then analyze the content of β-glucan from the harvest due to lack of original seeds for the analysis. In this study, β-glucan content was analyzed from the original seeds directly collected from the particular location. Therefore, there is a minimum chance for the change of β-glucan content due to environmental and other factors in local fields; thus, it is able to obtain actual values of β-glucan content of wild and cultivated barley.
In the present study, great variations were observed in β-glucan content in wild barley, showing its diversity, and β-glucan content in wild barley was significantly higher than cultivated barley. In support of this research, a study conducted in 1986 [29] reported a range of grain β-glucan contents of 3.4-5.7% in a series of cultivated barley, while values of up to 13% have been reported for wild barley. [34] Also, in 1987, 21 wild barley accessions collected from Israel [35] and, in 1985, 13 cultivated barley varieties collected from Australia [36] have been investigated for the β-glucan content. The average β-glucan contents of wild and cultivated barley were 8.69% and 4.69%, respectively, and the ranges were 6.37-12.66% and 4.03-5.26%, respectively. In our study, average values of wild and cultivated barley were 5.17% and 3.80%, respectively, and the ranges were 3.26-7.67% and 2.68-4.74%, respectively. Compared to the current study, the average values were higher in both wild and cultivated barley in previous studies. However, the range of the β-glucan content in cultivated barley was higher and the β-glucan range was lower in wild barley in the current study compared to the previous studies. This is graphically illustrated in Figure 3 . The ANOVA of β-glucan content between both wild and both cultivated barley in the present and previous studies was highly significant (p < 0.001). This variability of β-glucan content is due to a wide genetic variability and the variation in the environment. [29] [30] [31] Another explanation for this variability could be that the synthesis of β-glucan in diploid species is promoted by the function of many genes. [13] β-Glucan is synthesized by individuals of the CslF and CslH gene families. [37, 38] The CslF gene family consists of 10 associates [39] and is a part of the cellulose synthase gene superfamily, which is responsible for the production of several plant cell wall polysaccharides. [40] Variants among individuals of the CslF and CslH gene families regulate directly or indirectly the relative abundance and specific structure of β-glucans in both grain and the rest of the plant. [41] According to the studies, the CslJ gene family is also believed to be involved in β-glucan synthesis. [42, 43] Furthermore, it has been reported in a recent study that the interaction of a barley gene, HvTLP8 (thaumatin-like protein 8) with β-glucan and indicated that expression of HvTLP8 relates with the amount of β-glucan in the barley grain. The interaction has been found to be redox-dependent. [44] Since barley is mostly used in the brewing industry, during the breeding and genetic improvement process, the effect of genes which are coding for β-glucan synthesis could be automatically depleted. Due to low genetic influence for β-glucan synthesis, cultivated varieties may record a lower amount of β-glucan than wild barley accessions. Other than malting and brewing industries, the importance, effects, and advantages of β-glucan in food processing industries have been investigated and documented in several studies. [45] [46] [47] [48] These results confirmed the findings of earlier studies of β-glucan; barleys with low β-glucan content are used in the malting and brewing industries, whereas, barleys with high levels of β-glucan content are used in applications for human health and nutrition. [13] It was suggested that wild barley accessions with high β-glucan content (AFG_IG38660, TJK_IG131790, TUR_IG116112, TUR_IG39839, JOR_ISH_2, PSE_IG39630, and ISR_MHL_2) can be used for breeding and genetic improvements programs, as donors of health beneficial high β-glucan content genes to improve barley varieties particularly in human food industry, as well as potential raw material for preparation of functional foods, while wild barley accessions with low β-glucan content (JOR_KFH_2, JOR_KMH_2, ISR_TBS_1, ISR_TBS_2, and JOR_KFH_1) can be used for breeding and genetic improvement programs of low β-glucan content varieties used in livestock feed, malting, and brewing industries. Also, this research highlighted the need of the similar kind of further research with more different accessions, to obtain the most suitable accessions or cultivars in breeding programs. In addition to chemical analysis, marker-assisted selection is also useful to obtain better results in breeding and genetic improvement programs.
Conclusion
In this study, wild barley samples were selected from Fertile Crescent, Central Asia, and Tibet, and cultivated barley samples representing all over the world, to determine β-glucan content and evaluate the difference and variation of β-glucan content between wild and cultivated barley. A great difference and variation of β-glucan content in wild and cultivated barley were found and β-glucan content in wild barley was higher than that of cultivated barley. It provides guidelines to select suitable wild barley accessions for breeding and genetic improvement programs, to obtain expected β-glucan content in cultivated barley for the required purpose. 
